For 1,2-cyclobutanedione and cyclobutanone, we have carried out a comparative study of different methods like B3LYP, LSDA, and B3PW91 of DFT using 6-31G (d, p) basis set and MP2 method. On comparing these methods we �nd that B3PW91 method is closer to the experimental one. So by using B3PW91 method, we have made a comparative study of their structures, normal mode analysis, and other properties of the two derivatives of cyclobutane. e molecular HOMO, LUMO composition, their respective energy gaps, and MESP contours/surfaces have also been drawn to explain the activity of 1,2-cyclobutanedione and cyclobutanone.
Introduction
Ring Puckering vibrations in four membered molecules have drawn a lot of attention during recent times because of their low-frequency out-of-plane vibrations. In 1945, Bell predicted that the ring puckering vibration in four-member ring molecules should have a large quadratic term in its potential function which is the characteristic of cyclobutane [1] . As compared to linear butane molecules or larger hemicyclic alkenes such as cyclohexane, cyclobutane has strained carbon atoms and hence has greater bond energy. e chemical conformation of cyclobutane is not planar but folded or "puckered" [2] . One of the carbon atoms makes 25
∘ angle with the plane formed by the other three carbons. In this way some of the Hydrogen Eclipsing Interactions are reduced. e conformation is also known as a "Butter�y" [3] . In substituted cycloalkanes both planar and puckered conformations exist because the energy difference between the two states is small and they can interconvert. Despite inherent strain the cyclobutane motif is not found in linear shape in nature [4] . Density functional theory calculations are reported to provide excellent vibrational frequencies of organic compound if the calculated frequencies are scaled to compensate for the approximate treatment of electron correlation, basis set de�ciencies, and for anharmonicity [5, 6] . A number of studies have been carried out regarding calculation of vibrational spectra by using DFT with 6-31G (d, p) as basis set. Vibrational spectroscopy has the potential to yield valuable structural and conformational information of organic compounds, if used in conjugation with accurate quantum chemical calculations. Prediction of vibrational frequencies of polyatomic molecules by quantum chemical computation has become very popular because of its accurate and therefore consistent description of the experimental data. So, the aim of present study is to calculate the optimal geometry, thermodynamic properties, atomic charge distribution in gas phase, and vibrational analysis of both compounds. Aer analyzing these results some important aspects were noted about hydrogen bonding, reactivity, and stability of both the derivatives of cyclobutane. In this paper, the �rst aim is to investigate the performance of different density functional methods and Moller-Plesset method with a common basis set in predicting vibration spectra and geometry of the two molecules, namely, cyclobutane 1,2 dione and cyclobutanone. It can be very well stated that the hybrid functionals are the best density functional methods available for molecular calculations [7, 8] . e hybrid functionals incorporate local exchange and correlation function with gradient correction and some components of Hartree Fock-like exchange functionals. A close agreement between the observed and calculated wave number is achieved by introducing the scaling factors. On comparing the various methods employed, the reliability of B3PW91 method with 6-31G (d, p) has been found to give the most accurate description of vibrational signatures in the present case. So, to simplify the discussion we have only discussed all the results using B3PW91 method.
Computational Method
e entire DFT calculations were performed at Pentium IV (2.99 GHz) personal computer using the Gaussian 03 program package [9] utilizing gradient geometry optimization [10] . e vibrational frequencies associated with ground state optimized geometry have been evaluated with different level of theories and 6-31G (d, p) as the basis set. Combined use of B3LYP, LSDA, B3PW91, and MP2 with split valence basis set 6-31G (d, p) shows an excellent compromise between accuracy and computational efficiency of vibrational spectra of large and medium molecules. e structures of 1,2-cyclobutanedione and cyclobutanone are modeled and then geometry optimization has been done until it reaches to local minima aer that vibrational mode is calculated. e vibrational frequencies for these molecules were calculated with these methods and then scaled [11] by 0.9613 above 800 and by 1.0013 below 800, respectively. e assignment of the calculated normal modes has been made on the basis of the corresponding true potential energy distribution (PED). e PED is computed from the calculated vibrational frequencies using VEDA program [12] . Gauss View 3.0 program [13] has been considered to get visual animation. 6-31G (d, p) Basis Set. e optimized structure parameters of 1,2-cyclobutanedione and cyclobutanone calculated by B3LYP, B3PW91, LSDA, and MP2 methods with the 6-31G (d, p) basis set are listed in Table 1 and are in accordance with the atom numbering scheme as shown in Figures  1 and 2 , respectively. Aer geometry optimization local minimum energy obtained for structure optimization of 1,2-cyclobutanedione with 6-31G (d, p) basis set is approximately −305.1210 a.u. for both B3LYP [14] [15] [16] [17] [18] and B3PW91 methods but −303.6130 a.u. for LSDA method. e minimal energy is found to be approximately −304.3680 a.u. for MP2 level of theory. e local minimum energy obtained for structure optimization of cyclobutanone with 6-31G (d, p) basis set is approximately −231.1500 a.u. for B3PW91 approaches. e difference in energies between these two molecules is about 73.9710 a.u. for B3PW91 methods. is dri in energy is observed due to the disubstitution of oxygen on the cycloring which increases the repulsion between oxygen in the case of 1,2-cyclobutanedione. e 1,2-cyclobutanedione molecule has a point group symmetry, that is, 2v ; however, cyclobutanone has a point group symmetry s . In both the molecules no hydrogen atoms of each methylene unit lie in the plane of ring but are symmetrically positioned above and below this plane. As discussed earlier, the con�guration of both the molecules in the ground state corresponds to 2v symmetry; the optimized bond parameters of both molecules calculated by various methods are listed in Table 2. e atomic numbering used in de�ning the structural parameters for 1,2-cyclobutanedione is illustrated in Figure 1 . e C-C bond distances of the title compound are found to have higher values in case of B3LYP and B3PW91 calculation with respect to those by LSDA computation. All these C-C bond lengths are in good agreement with the available microwave data of similar types of molecules [19] [20] [21] [22] . e C-O bonds of the oxygen attached to the ring show signi�cant elongation for B3PW91 method. e C1-C4 and C4-C3 bond lengths in cyclobutanone and 1,2-cyclobutanedione bond are 1.55 Å, 1.55 Å and 1.54 Å, 1.55 Å, respectively. e observed difference of .01 Å between the C-C bond lengths seems to be normal which is equal to the difference of sp 3 -sp 3 and sp 3 -sp 2 carbon-carbon single bond lengths. Similar differences between sp 3 -sp 3 and sp 3 -sp 2 and sp 2 -sp 2 C-C single bond lengths have been observed between propane (C-C) = 1.532 Å [13] propane (C-C) = 1.505 Å [13] and acetaldehyde (C-C) = 1.514 Å [23] .
Results and Discussion

Geometry Optimizations Employing Various Methods at
e average C-C bond length is (C-C) av = 1.55 Å, 1.55 Å in cyclobutanone and 1,2-cyclobutanedione respectively, while it is about .02 Å longer than the corresponding 
bond in ethane (1.53 Å) [24] and in higher n-alkynes 1.53 Å, 1.53 Å [19] [20] [21] [22] but almost equal to the C-C bond length in cyclobutane (1.55 Å) [24] . In case of LSDA method calculated bond lengths of C-H are 0.11 Å larger than the experimental value. As discussed in literature [14] , it is well known that B3LYP methods predict bond lengths, which are systematically too long, particularly C-H bond lengths. Large deviation from experimental C-H bond lengths may arise from the low scattering factors of hydrogen atoms in the X-ray diffraction [15] [16] [17] [18] . However, B3LYP, B3PW91, and MP2 yield the corresponding bond lengths close to experimental results than LSDA one. e calculated bond distances vary from one method to another. e bond distances calculated by B3LYP and B3PW91 are comparable to each other and also in agreement with the available data. e bond angles calculated using various methods do not show any signi�cant variation. Substitution of a trigonal carbon atom in the place of tetrahedral ring carbon atom increases the ring strain because the unstrained sp 2 valence angle is 120 ∘ as compared to the sp 3 unstrained valence angle of 109 ∘ . Hence the shape is deformed. However, from this calculation of the structural parameters it is not possible to assess the superiority of one method over the others in predicting the geometrical structure of these molecules because of lack of experimental values for a direct comparison. For geometrical data of cyclobutanone and 1,2-cyclobutanedione, good agreement between theory and experiment is obtained for the MP2 and B3LYP, B3PW91, LSDA levels with basis sets including diffuse functions. Perhaps the best method of optimization of both compounds should be decided from frequency calculation. e optimized structure of 1,2-cyclobutanedione molecules following B3PW91/6-31G (d, p) method is shown in Figure 1, is in best agreement with the experimental observations. So to sort out the complication we have discussed the PED of B3PW91/6-31G (d, p) only. e optimized geometries of 1,2-cyclobutanedione are in good agreement with X-Ray data [25] given in Table 1 .
ermodynamic Properties.
Several calculated thermodynamic properties based on the vibrational analysis at B3LYP, B3PW91, LSDA, and MP2/6-31G (d, p) level, like internal thermal energy (E), constant volume heat capacity C v , and entropy S, have been calculated and listed in Table 3 . At the room temperature, conduction band is almost empty so electronic contribution in total energy is negligible. ermodynamic parameters clearly indicate that vibration motion plays a crucial role in assessing thermodynamical behavior of title compounds. As seen in Table 4 total thermal energy calculated with B3LYP, B3PW91 gave nearly the same result. e dipole moment of the cyclobutanone and 1,2-cyclobutanedione molecules was computed at the different levels of theory. e calculated dipole moments at B3PW91/6-31G (d, p) level are 3.7 D for 1,2-cyclobutanedione and 2.84 D for cyclobutanone, respectively. So, probably cyclobutane 1,2-dione is a better solvent than cyclobutanone. is is due to the disubstituted oxygen on ring, which creates more polarity than the monosubstituted oxygen. e sum of the thermal energy in cyclobutanone is higher than that of the corresponding 1,2-cyclobutanedione. e heat capacity of the 1,2-cyclobutanedione is increased due to the extragenerated hydrogen bond. Entropy of cyclobutanone molecule is 72 Cal/Mol-Kelvin which is smaller than entropy of 1,2-cyclobutanedione 75.133 Cal/Mol-Kelvin, and hence most probably cyclobutanone has a well-ordered structure than 1,2-cyclobutanedione. As it has been earlier discussed that cyclobutanone deforms more to the planarity than 1,2-cyclobutanedione, so according to MO theory, molecular orbitals are not strongly overlapped in case of 1,2-cyclobutanedione. Hence, bond strength is weaker in case of 1,2-cyclobutanedione and requires lesser energy to break these bonds than cyclobutanone. So, 1,2-cyclobutanedione is more reactive than the other one. is feature is also supported by Homo-Lumo gap in which this gap is smaller than in the case of 1,2-cyclobutanedione.
Atomic Charge Distribution in Gas
Phase. e Mulliken atomic charges for all the atoms of the 1,2-cyclobutanedione and cyclobutanone compounds are calculated by B3LYP, B3PW91, LSDA, and MP2 methods with 6-31G (d, p) as basis set in gas phase and are presented in Table 4 . To clarify the nature of both the molecules NBO and Mulliken, analyses were carried out. Table 3 gives the natural atomic charges of cyclobutanone and diones. As we see from Figures  1 and 2 , oxygen is more electronegative; hence it extracts electron from 1C and 2C in case of 1,2-cyclobutanedione and 2C in case of cyclobutanone, respectively, and as a result carbon becomes positively charged. However, 3C and 4C are more electronegative. Hence, they extract electron from the hydrogen and gain negative charge on these carbons in case of 1,2-cyclobutanedione. In case of cyclobutanone 3C, 1C, 4C, are more electronegative than hydrogen and hence acquire negative charges. As seen from Table 3 , the oxygen atoms have bigger negative atomic charges, suggesting that they are potential sites to react with charged moieties/ions. is can possibly provide further insight into the interactions between the potentially interacting oxygen with hydrogen of methylene group with other molecules.
Assignment of Fundamentals.
1,2-cyclobutanedione has 10 atoms with 24 normal modes of vibration while cyclobutanone has 11 atoms with 27 normal modes of vibrations. On the basis of our calculations and the reported FT-Raman spectra [26], we made a reliable one-to-one correspondence between the fundamentals and the frequencies calculated by DFT (B3LYP, B3PW91, LSDA) and MP2 methods. On the basis of theoretical investigation as discussed earlier the point group of 1,2-cyclobutanedione and cyclobutanone molecule is considered as C 2v . Based on such assumption, the normal modes of vibration arising from 1,2-cyclobutanedione and cyclobutanone can be divided between two different symmetry species as 8a1 + 5a2 + 4b1 + 7b2 and 9a1 + 4a2 + 7b1 + 7b2, respectively. e scaled vibrational signatures using all other methods are also presented. In these cases the assignments are done following the animated view of normal mode description. A good agreement between the theoretical and experimental is observed. e relative band intensities are also very satisfactory along with their positions. Some important modes are discussed hereaer. e harmonic-vibrational frequencies are calculated for both the molecules, and experimental frequencies (FT Raman) have been compared in Tables 5 and 6 for 1,2-cyclobutanedione and cyclobutanone, respectively (Figure 3) . 3000 and 2900 cm −1 , which is the characteristic region for the ready identi�cation of C-H stretching vibrations. Accordingly, in the present study for 1,2-cyclobutanedione, the C-H stretching vibrations are calculated at 3025 cm −1 , 3037 cm −1 , 2980 cm −1 , and 2974 cm −1 , respectively, with signi�cant PED and are supported by the experimental data. It can be seen that a less intense polarized (along the plane) and very intense unpolarized Raman peak is observed at the 2952 cm −1 and 2964 cm −1 and their corresponding calculated peaks at 2974 cm −1 and 2980 cm −1 , which belongs to the symmetric stretching modes of vibration with the PED of 99% and 100%, respectively. Another intense Raman mode is observed at 3011 cm −1 with PED contribution of 99% and their corresponding calculated modes at 3042 cm −1 which is corresponding to antisymmetric stretching in C-H. In case of 1,2-cyclobutanedione, the C-H stretching is at lower value than cyclobutanone, ranging from 3041 cm −1 to 2958 cm
Vibrational Modes
and probably this is due to the disubstituted oxygen at the aromatic ring, which extracts more electrons from the ring carbon, thereby causing lower bond strength between carbon and oxygen. carbonyl group move during the vibration and they have a nearly equal amplitude. At some lower range of frequency, two peaks one medium and the other intense are calculated at 1852 cm −1 and 1810 cm −1 with PED contribution of 90% and 95% at B3PW91 level, and the corresponding experimental Raman frequencies are at 1802 cm −1 and 1765 cm −1 , which are weak in intensity. ese modes are corresponding to antisymmetric stretching and symmetric stretching in C=O. As it can be seen, there are a lot of discrepancies created in C=O stretching modes between experimental and calculated method using different levels of theories. ere is no appropriate answer for this; perhaps these discrepancies are due to the intermolecular interaction between more electronegative oxygen and less electronegative hydrogen and also antibonding repulsion between carbon and oxygen atoms. e C=O stretching vibration which is observed at 1837 cm −1 for cyclobutanone and is at a lower value than 1,2-cyclobutanedione.
Some Other Modes of Vibration. At lower frequencies a
Raman peak is observed at 287 cm −1 and their corresponding calculated modes having low intensity are calculated at 284 cm −1 at B3PW91 level, which is due to antisymmetric CH 2 rocking parallel to the plane of ring. In the lower region another two intense Raman peaks are observed at 919 cm −1 and 713 cm −1 , and their corresponding calculated modes of low intensity are found at 923 cm −1 and 715 cm −1 by B3PW91 method, which is due to the symmetric bending in plane and perpendicular to the plane of ring, respectively. However, in cyclobutanone their corresponding ring deformation is calculated at 1057 cm −1 and 678 cm −1 , respectively. A low intense Raman peak is observed at 487 cm −1 and its corresponding calculated value is 492 cm −1 , at B3PW91 level, which corresponds to symmetric in plane C-C=O bending and their corresponding C-O bending in cyclobutanone is calculated at 462 cm −1 . In between the two Raman peaks (1765 cm −1 and 919 cm −1 ) some medium and weak peaks are also observed. Medium peaks are corresponding to antisymmetric scissoring of C-H, perpendicular to the plane of cycloring. Besides it, in the lower modes of vibration some mixing of modes of vibration, for example, asymmetric C-C=O bending, and wagging perpendicular to the plane and ring twist, appears at very low Raman and IR intensity. At lower range of frequencies some discrepancies are observed in the experimental intensity and theoretical intensity. is is due to the impurity of the sample taken, intermolecular interaction, anharmonicity, mixing of different modes of vibrations.
Electronic
Properties. e interaction with other species in a chemical system is also determined by frontier orbitals, HOMO and LUMO. It can also be determined by experimental data. e frontier orbital gap helps to distinguish the chemical reactivity and kinetic stability of the molecule. A molecule which has a larger orbital gap is more polarized having more reactive part as far as reaction is concerned [27] . e frontier orbital gap in case of the given molecules is 3.823 and 5.871 eV, respectively, for 1,2-cyclobutanedione and cyclobutanone given in Table 7 . Since we are concerned with electronic reactivity here and so it can be said that 1,2-cyclobutanedione is more reactive.
e contour plots of the HOMO, LUMO, and electrostatic potential for both the molecules are shown in Figures 4, 5, 6 , and 7. e importance of MESP lies in the fact that it simultaneously displays molecular size, shape as well as positive, negative, and neutral electrostatic potential regions in terms of colour grading and is very useful in the investigation of molecular structure with its physiochemical property relationship [28] [29] [30] [31] [32] . For 1,2-cyclobutanedione and cyclobutanone, the electronegative region is outside of the molecule near the oxygen atoms. e energy equal to the shielded potential energy surface is required for any substitution reaction near the oxygen atom. e electronegative lines (in between −0.08 a.u. and −0.02 a.u.) form a closed contour which clearly indicates that total �ux passing in between these curves is not equal to zero. For any nucleophilic substitution reaction near oxygen (closed contour area), an amount of energy equal to the shielded potential energy surface is required; however remaining part of the molecule is suitable for electrophilic substitution reaction. us it can be asserted that MESP values have been shown to be well related to the biological properties [33] [34] [35] .
Conclusions
All frequencies are real in both the molecules. Hence, both the compounds are stable. All calculations are done on a single molecule, so we ignore intermolecular forces, that is, van der Waals molecule-molecule interaction. ese interactions produce perturbation in energy levels resulting in the increase or decrease of energy levels. As seen from Table 3 , thermal energy calculated by MP2 and B3PW91 methods gave higher value while LSDA gave the lowest value; however, in the case of entropy the opposite trend is obtained. Among all methods, B3PW91 hybrid functional, applied to density functional force �elds with a 6-31G (d, p) basis set most successfully described the vibrational spectra of both 1,2-cyclobutanedione and cyclobutanone. e lower value of frontier orbital energy gap and a higher dipole moment in case of 1,2-cyclobutanedione suggest a more reactive nature as compared to cyclobutanone.
